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Surface mining is a major industry in eastern Tennessee that removes 
much of the native forest. To restore the forest, reclamation practices are used. 
These include planting a ground cover species with native hardwoods. 
Competition between the ground cover and tree species for soil resources could 
hinder growth and decrease survival of the trees. Northern red oak (Quercus 
rubra) was used for this study to examine the possible effects of this competition 
and the relationships between root growth and soil moisture through a field and a 
greenhouse experiment. 
A field experiment was designed using four different ground cover 
treatments (Soldiago nemoralis, Medicago sativa, Panicum virgatum, and bare 
ground) with four different hardwood species. Northern red oak was measured 
for this study. The results showed that the site physical factors (slope position, 
soil temperature, and soil moisture) were not related to each other. Soil moisture 
varied by depth with the lower depths (46 cm to 76 cm) was much higher than 
the upper depths (0 to 46 cm). Root growth did not differ by treatment or percent 
cover. Both soil temperature and ground cover percentage increased over the 
growing season.  Root growth showed a relationship with depth with the upper 
depths of soil having more roots than the lower depths. Annual rye was used as 
well as switchgrass, alfalfa, and bare ground treatments for a green house study. 
Two-year-old Northern red oak seedlings were first planted in pots and then 
ground covers were established and grown for 9 weeks. Then water stress was 
imposed over two dry down periods during which transpiration and soil moisture 
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were measured. Root growth was measured after harvest. The results showed a 
relationship between transpiration and soil moisture. Soil moisture was highest in 
the bare ground treatment and lowest in the annual rye treatment. Fine root 
development of trees was greatest in the bare and alfalfa and lowest in the 
annual rye. Switchgrass had the second highest soil moisture and third highest 
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Surface mining in Tennessee 
 
 Tennessee is one of 26 states in the United States where coal mining is a 
major industry. As of 2008, coal-mining operations were present in 22 counties in 
the state (OSM 2008). Mining occurs both on the steep slopes of the Cumberland 
Mountain range in the northern part of the state as well as the flat terrain of the 
Cumberland Plateau in the southern portion of the state. Tennessee has 60.7 
million short tons of bituminous coal that exist in coal beds that vary in thickness 
from less than 0.71 meter (28 inches) to 1.07 meters (42 inches), at depths of up 
to 304.8 meters (1000 feet). The majority of the retrieved coal is used for 
generation of electricity. There are a total 19 active mines. Fifteen are surface 
mines and four are underground mines. They make up a total of 10,367 acres. 
Surface mines that are permitted make up 10,274 acres and underground mining 
making up 91 acres, excluding shadow areas. The history of the state’s coal 
production shows that there was a decline from 1972 (11.3 million tons) to 2003 
(2.6 million tons). However after 2003 production increased to 2.7 million tons in 
2007.  
 Historically, coal surface mining began in Tennessee at the end of the 
American Civil War (Fribourg et al. 1981). As technology progressed so the 
demand for coal increased (Strange unknown). The 1950’s and the 1960’s 
brought about increased use of coal, with both surface mining and deep mining 
used for coal retrieval. During these decades the mine overburden was dumped 
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into valleys and little to no reclamation practices were used, resulting in concerns 
about environmental contamination. Water quality was a major issue due to acid 
mine drainage in some areas.  During the next decade (1970s), larger and more 
efficient equipment was used to extract coal, which led to the peak in coal 
production in Tennessee. During this time period reclamation was practiced, and 
included planting trees, and grading a slope back towards the high-wall. 
Sedimentation ponds were not used, but some silt structures made from rocks 
and logs were used to regulate runoff. Despite these efforts, reclamation was 
minimal and not always required. 
Surface mine reclamation 
 In 1977 Surface Mining Control and Reclamation Act (SMCRA) was 
passed as a result of the Clean Water Act (1977) to improve the water quality of 
areas affected by acid mine drainage and surface runoff (Angel et al. 2005). 
Cleared mine sites where the forest had been removed were linked to poor water 
quality through runoff carrying sediment and water traveling through the soil and 
over acidic material (Burger et al. 2002). SMCRA also focused on increasing the 
stability of the mined slopes. As a result, mine soils were often heavily 
compacted to increase slope stability, making it difficult for trees to establish and 
grow. Grasses were heavily planted as a ground cover on these sites to help 
improve slope stability as well as decrease erosion, but most of these species 
are exotic and are now considered aggressive and/or invasive. The reclaimed 
mine sites became grasslands, and too competitive of an environment for growth 
of a forest (Angel et al 2005).   
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Since these practices did not encourage a forest to grow, the Forestry 
Reclamation Approach (FRA) was developed to promote practices that facilitate 
forest establishment. This is a five-step process to establishing an environment 
that will be suitable for tree growth (Burger et al. 2005). “1. Create a suitable 
rooting medium for good tree growth that is no less than 4 feet deep and 
comprised of topsoil, weathered sandstone and/or the best available material. 2. 
Loosely grade the topsoil or topsoil substitute established in step one to create a 
non-compacted growth medium. 3. Use ground covers that are compatible with 
growing trees. 4. Plant two types of trees: early successional species for wildlife 
and soil stability, and commercially valuable crop trees. 5. Use proper tree 
planting techniques.” After preparing the site it is recommended to plant a 
mixture of herbaceous plants and trees. For the ground cover, it is suggested to 
use slow-growing grasses and legumes that have a sprawling form. Some 
recommended species include red top (Agrostis gigantea), perennial ryegrass 
(Lolium perenne), birdsfoot trefoil (Lotus corniculatus), and white clover (Trifolium 
repens) instead of using fast growing species like Kentucky-31 fescue (Festuca 
arundinaceae), Sericea lespedeza, and crown vetch (Securigera varia) that have 
been extensively used until recently . The mixture of tree species should include 
both valuable crop trees as well as those that support a healthy ecosystem. 
Commonly used native tree species include black cherry (Prunus serotina), sugar 
maple (Acer saccharum), white ash (Fraxinus americana), and oak species 
(Quercus spp). Commerically valuable trees are an important resource in the 
Appalachian coalfield region (Burger et al. 2002), used for the production of 
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bleached paper and oriented strandboard (boards formed from wood flakes 
layered in a specific orientation), as well as other solid wood products that are in 
demand. Other tree species that may not have commercial value are important to 
wildlife and to prevent the invasion of exotic species. Surface mining can extend 
several hundred meters into the soil strata and dramatically change not only the 
appearance of the landscape but also its function (OSM 2008). The mine spoil 
that is used to rebuild these slopes does not resemble the forest soils that were 
once there. It is important to reclaim these mines since the newly formed slopes 
are highly susceptible to surface erosion which can cause water quality 
problems.    
Overburden characteristics that affect the growth of plants 
A major concern for mine reclamation, particularly on steep slopes, is 
compaction. Compaction occurs mainly as a result of the heavy trucks that drive 
over the mines (Sweigard et al. 2007 b). A tracked dozer or a haul truck can 
weigh more than 100 tons (90.72 metric tons), while wheeled loaders and loaded 
haul trucks can be more than 200 tons (181.44 metric tons). The best practice is 
to prevent compaction in the first place, by preventing vehicle traffic on the sites 
after the final placement of the growth medium. However on sites that do have 
compaction, ripping is suggested. Compaction can severely affect major soil 
characteristics, creating an unsuitable rooting medium for herbaceous plants and 
trees. Compaction of the soil reduces pore space, which can negatively affect 
soil moisture and root growth (Sweigard et al. 2007 a). Water may be easily 
retained in the soil but the lack of pore space makes it difficult for roots to push 
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through a nearly impenetrable substance. Another negative impact is that it also 
reduces the infiltration of rainwater into the soil, causing runoff and erosion 
problems. Rills and gullies can form on these sites, which can then affect the 
distribution of soil moisture, leaving some areas with excessive moisture and 
others with a deficiency (Andersen et al. 1989).  
Soil compaction is not the only problem that plants may face. One study 
found that mine sites had such a heterogeneous soil that characteristics varied 
greatly in a small area (Berg 1978). Heterogeneity could lead to areas of the soil 
that cannot by inhabited by roots due to low water holding capacity or low 
nutrient levels. Another issue is the pH of the soil (Groninger et al. 2007). Too 
high or too low of a pH can cause problems with nutrient absorption by changing 
the availability of nutrients. This can lead to nutrient deficiencies or nutrient 
toxicity. However for this study, slopes have been reclaimed using low 
compaction grading and pH is thought to be acceptable, therefore the main focus 
will be on soil moisture and soil temperature, and their effects on root growth. 
Soil moisture 
Soil moisture plays a vital role for plants since it is one of the limiting 
physical factors in soil, along with mechanical resistance (often caused by 
compaction), and soil aeration (Morris et al. 2006). When soil water content is not 
optimal, reductions in root growth are seen. Another study found that soil 
moisture played a more important role than inorganic nitrogen in Pinus 
tabulaeformis (Zhou and Shangguan 2007). These authors suggest that when 
soil moisture is limited, the utilization of inorganic nitrogen is affected. When soil 
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moisture increased so did specific root length and root mass, while the mean root 
diameter decreased. Cote et al. (1998) had similar results, in that in years with 
higher soil moisture there was also greater fine root production. Yet a different 
study found fine root length was negatively correlated with soil moisture (Davis et 
al. 2004). This indicates that too little or too much soil moisture can have 
negative effects on root development and growth. There is an optimum soil 
moisture range that varies from species to species. Day et al. (2000) found that 
increases in soil moisture could also change soil strength in compacted soils, 
allowing for tree roots to push through more easily. This study showed positive 
results with silver maple (Acer saccharinum), a bottomland hardwood that can 
tolerate high moisture levels. Even though soil moisture greatly influences plant 
growth, plants can also influence soil moisture. Roots can change it directly by 
their ability to uptake water, but also indirectly by altering the soil structure as 
they grow (Gerke and Kuchenbuch 2007), resulting in changes in soil aggregate 
and pore structure. Also, soil moisture may not be the major factor influencing 
root elongation. Teskey and Hinckley (1981) found that only when soil 
temperatures were above 17 C did soil moisture become a major factor, and then 
soil temperature was linearly related to root elongation. 
Soil temperature 
Temperature of soils is also an important characteristic to understand, and 
it can vary greatly from the surface to deeper layers. The fine roots in the upper 
layers of soil are highly susceptible to high temperatures (Lyford 1980). Similar to 
soil moisture, too high or too low soil temperature can negatively impact root 
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growth, biomass, or survival, given that nutrients are readily available. Increasing 
temperatures generally causes an increase in root extension as well as root 
mortality (Pregitzer et al. 2000). Typically, air temperatures are greater than soil 
temperatures, but soil surface temperatures can be the same as air temperatures 
or exceed them. This is greatly affected by the season (Waisel et al. 2002), 
although similar seasonal patterns in soil temperature were seen across different 
soil types (Baver et al. 1972). Tierney et al. (2003) found that fine root production 
was strongly influenced by mean air temperature, but proportional fine root 
mortality was directly linked to soil temperatures. Soil temperatures can also be 
influenced by plant and other soil factors. Ground cover species and amount can 
influence temperature. Effects of cover on energy transfer between atmosphere 
and soil surface can account for the differences in soil temperature under 
different ground covers (Grant et al. 1995). Soil moisture and temperature, as 
discussed earlier, can influence one another. When soil temperatures were 
below 17 C soil temperature was the dominating factor that affected root growth 
of white oak (Quercus alba) (Teskey and Hinckley 1981). This study also showed 
that at cold temperatures (8C) the number of growing roots and root growth 
intensity increased, further supporting the idea that there is an optimum range of 
soil temperature for root growth.  
Root Competition 
Roots of ground cover plants and trees typically occupy the same space in 
the soil and have to compete for the same resources such as nutrients and 
water. Messier et al. (2009) found that late-successional tree species were 
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mostly affected by resource (nutrient) competition while early successional 
species were influenced by competition for both nutrients and space. They found 
that competition resulted in a reduction in fine root growth, root branching over 
root length, and specific root length of the early successional trees. Another 
study found that non-indigenous plants inhibit the establishment of oak seedlings 
(Davis et al. 2005). It appears that they modify the soil environment in dry 
conditions in a way that is harmful to emerging oak seedlings, but this does not 
seem to be related to reduced resource availability. Peltzer and Kochy (2001) 
found that soil resources did not decline with increasing neighbor shoot or root 
mass for either grasses or shrubs. Whenever a neighbor was present the soil 
resources were affected, so the presence of a neighbor plant was more important 
than its abundance. Lastly, ground cover roots can affect tree roots through 
allelopathy. A study showed that different trees behaved differently (Orr et al. 
2005); some species were unaffected by allelopathy while others had reductions 
in survival and root biomass.  
Plant species used for this study 
 Northern Red Oak 
Northern red oak (Quercus rubra) is a hardwood species native to North 
America (Figure 1). This species is found as far north as Nova Scotia, and as far 
west as Minnesota (Sander 1990). Its range also stretches to southern Alabama 
and can be found in Louisiana and Mississippi. Northern red oak has survived in 




Figure 1: The range of the Northern Red Oak in North America extends through 
several states and into Canada. (Sander 1990)  
 
It is present in areas that have average rainfall ranging from760 mm (30 
in) to 2030 mm (80 in). Annual mean temperature is also variable in this range, 
being between 4 C (40 F) and 16 C (60 F). Northern red oaks can also grow in a 
wide variety of soils. The most suitable for this species are well-drained, deep 
loam, to silty, clay loam soils located on lower north- or east-facing slopes with a 
thick A horizon. Due to its ability to thrive in a variety of habitats, it is a common 
tree species in many different forest habitats.  
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 The life history traits of northern red oak enable it to survive in many 
different environments. It is monoecious and its flowers develop in the form of 
catkins. Its fruit, an acorn, is produced after 25 years and it takes 2 years to 
mature (Sander 1990). After maturation the acorn turns brown and ripens 
between late August and early October depending on geographic location. 
Acorns make the Northern red oak a valuable tree for wildlife since it is a food 
source for many species (80% of a tree’s acorn production is consumed in an 
average year). Northern red oaks are also capable of sprouting from a stump. 
These sprouts are fast-growing and usually have a straight form. A mature tree 
can reach heights between 20 to 30 m (65 to 98 ft), however in more open 
habitats it may have a shorter bole and a larger, spreading crown.  
 The root system of Northern red oak is made up of a taproot and many 
laterals. The taproot is crucial to young seedlings since it is the source of all other 
roots. In a forest ecosystem the taproot may be injured at the surface but a 
replacement root will develop behind the injury. When the tree is 3-5 years old 
the taproot is about 1 cm in diameter and can reach a depth of 70 cm if the soil is 
well drained and friable (Lyford 1980). Also at this age many of the first order 
laterals are gone but the live lateral roots are 3-5 mm in diameter. Lateral roots 
can elongate at a maximum rate of 5-10 mm/day after establishment. The lateral 
roots grow mostly in the B horizon at a depth of 20-50 cm. The extensive root 
system allows for northern red oak trees to thrive in a variety of habitats.  
 Northern red oak is considered to be moderately shade tolerant. This 
tolerance plays a major role in competition between the tree and other 
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vegetation. It less tolerant than some species it is associated with, such as sugar 
maple (Acer saccharum) and American beech (Fagus grandifolia). Adjacent trees 
are not the only competiton (Sander 1990); in several environments these oaks 
have to compete against grasses. One study showed that in the presence of 
grasses, oak had reduced rates of growth (Kolb and Steiner 1990). It was also 
found that more biomass was partitioned to roots during this competition for soil 
resources. Another study examined the potential benefits of competitor removal 
(Buckley et al. 1998). It found that on clear-cut sites there was higher mortality 
but greater growth. On the uncut sites, mortality was low but growth was poor. 
Northern red oaks have been planted on mine sites, growing the best in a 
mixture of sandstone and siltstone (Burger et al. 2007). It did not grow well on 
siltstone most likely due to greater content of rock fragments and lower bulk 
water holding capacity. 
Other species used in this research are Black Cherry (Prunus serotina), 
Shagbark Hickory (Carya ovata) and American Chestnut (Castanea dentata). 
Black cherry is a native hardwood that has a shallow root system (Marquis 1990), 
with the majority of its roots found in the upper 60 cm of soil. This spreading 
shallow root system makes it highly susceptible to windthrow. One study found 
that in compacted soils, the surface area of fine roots were significantly reduced 
(Oddiraju et al. 1996). Unlike black cherry, shagbark hickory has a deep taproot 
with very few laterals (Graney 1990). In the first 3 years the tap-root can extend 
0.6 to 0.9 cm (2 to 3 ft) deep into the soil. This deep taproot helps to protect it 
from windthrow. With increasing light, secondary root dry weight and root ash 
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weight increased (Robison and McCarthy 1999). Similar results were found for 
American chestnut in a study using varying light levels (Wang et al. 2006). 
Regardless of light level, more than 70% of the biomass was allocated to the 
shoot. American chestnut prefers to grow in well-drained soils on non-calcareous 
substrates. 
Alfalfa 
 Alfalfa (Medicago sativa) is a crop plant that is grown throughout the 
United States. It is considered to be one of the oldest forage crops, having over 
400 cultivars used privately and publicly (USDA 2002 a). These were developed 
in the United States from 1962 to 1992, and were approved for certified seed 
production. Its primary uses are hay for livestock production, pellets for forage, 
and for wildlife. However alfalfa consumed by grazing has a high risk of bloat for 
livestock. Alfalfa is characterized as a legume with a flower that can range from 
purple to yellow. It can grow to be about 61 to 91 cm (2 to 3 feet) tall. The root 
system of this plant has a taproot that can penetrate deep in the soil. This root 
system, like that of many legumes, fixes nitrogen by way of a symbiotic bacterial 
housed within nodules. Here nitrogen is assimilated at the expense of 
carbohydrates formed from photosynthesis. From there nitrogen is transported to 
the roots and shoots (Kirizii et al. 2007). One study examined the root system 
development over time (Goins and Russelle 1996). During the first 7 weeks, 
more than half of the fine roots were found in the upper 20 cm. By the end of the 
growing season 43% of the roots in the upper 10 cm had died. The deepest level 
(40 cm) had the lowest mortality. Roots formed earlier in the season had a longer 
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life span than those formed later. Alfalfa grows best in deep, well-drained, friable 
soils. The soil pH is preferred to be 6.5 or above, and high water tables are 
unfavorable (USDA 2002 a).  
Gray Goldenrod 
 Solidago nemoralis is a native plant species that is known for its yellow 
flower (USDA unknown date). This species’ range is from Georgia to Texas, and 
north to Nova Scotia and Alberta. It is found in meadows, dry, open woods, 
upland prairies, pastures, savannas, fallow fields, roadsides, and eroded slopes. 
It is recommended for sites that have a dry, harsh environment because it grows 
well in full sun. It is a popular species for wildlife, especially for insect pollinators. 
This is the shortest of the goldenrod species being between 15 cm to 76 cm (6 
inches to 2.5 feet), while other species can be over 183 cm (6 feet). Gray 
goldenrod also prefers dry soils of sand, clay, or gravel. It can grow in more 
fertile soils, but can be short-lived if the site is too rich. This species can survive 
with low to moderate levels of nitrogen, however in nutrient-rich environments it 
can naturalize and become weedy.  
Switchgrass 
 Switchgrass (Panicum virgatum) is a recently popular species used for 
production of biofuels. However it has also been recommended for use as a 
ground cover to control erosion on mine sites, sand dunes, dikes, and other 
areas (USDA 2006). Wildlife use switchgrass as nesting material, and it provides 
cover for grassland birds. This perennial plant is native to the majority of United 
States, except California and the Pacific Northwest. The plant grows in clumps 
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and can reach heights of 91 cm to 152 cm (3 to 5 feet). However this plant can 
become weedy and invasive in some habitats, and can displace desired species 
if not managed correctly. Switchgrass prefers to grow in moderately deep to deep 
sandy to clay loams that are somewhat dry, or in poorly drained soils. It has a 
deep root system that can extend up to 330 cm below the surface. One study 
examined varying soil characteristics effects on root growth (Ma et al. 2000). The 
majority of the roots were found in the upper layers of the soil (0-15 cm) even 
though some of them extended much deeper than that. Soil type and cultivar 
played a major role in carbon sequestration by the switchgrass roots.  
Annual ryegrass 
 Lolium multiflorum is an annual or biennial ryegrass, depending on the 
environment and growing season (USDA 2002 b). It grows between 61 cm to 91 
cm (2 and 3 feet) tall and can become a weedy, invasive plant in certain 
environments. Ryegrass grows in a variety of soils but it grows best in dark, rich 
soils in mild climates. It does not fare as well in hot, dry, weather or severe 
winters, but it can tolerate wet soils with good surface drainage. The roots are 
affected by limitations in soil moisture, nitrogen and phosphorus. One showed 
that the lowest root-to-shoot ratios occurred where these factors were non-
limiting (Davidson 1969). When there was an imbalance of these, the root to 
shoot ratios were highest. Also when nitrogen, phosphorus and soil moisture 
were limited in availability it should cause to an increase in root weights but a 
deficiency resulted in further increase in the root to shoot ratio because of an 






 For this study there are two overall objectives. The first is to determine 
how soil moisture and soil temperature affect root growth on reclaimed mine 
sites. This is related to the first step of the FRA, which is creating a good rooting 
medium. The second overall objective is to investigate below-ground interactions 
between groundcover species and native hardwoods in order to help evaluate 
the compatibility of different groundcover species with native hardwoods. This 
objective addresses the third step of the FRA. These two objectives are focused 
on understanding the mechanisms that determine the outcome of reclamation 
practices, particularly on steep slopes. Currently there is very little information 
about steep slopes reclamation, and many of the mines in the Appalachian 
region of the United States are on steep slopes. To prevent future problems with 
erosion and to learn to recover native hardwood forest it is critical to understand 
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Chapter 2: Soil moisture and soil temperature effects on root 





Surface mining is a major industry in eastern Tennessee as well as the 
southeastern United States. Surface mining strips the land of vegetation and 
drastically changes the soil, leaving a soil substrate that is vulnerable to erosion. 
Root systems provide an anchor for the soil which can reduce soil erosion and 
mass slope failure. For this experiment, below-ground characteristics were 
examined to understand what physical and biotic factors may encourage better 
root growth and survival of planted trees. Three sites were selected in eastern 
Tennessee, to which four different groundcover treatments were applied: alfalfa, 
goldenrod, switchgrass and a bare ground treatment. Within each treatment 4 
different tree species were planted, however this experiment is focused on 
northern red oak (Quercus rubra). Sampling stations for measurement of soil 
moisture and root imaging were installed down-slope of the trees. Soil moisture 
was measured bi-monthly from March 2010 to August 2010. Root growth was 
measured monthly using a scanner and the WinRhizoTron software. Soil 
temperature and ground cover percentage were measured monthly. Site physical 
factors were not related to each other but soil moisture increased with depth. 
Root growth was related to depth (p=0.004), but not to other site physical factors. 
Soil temperature and ground cover percentage increased over the growing 
season. The short term results of this study suggest that examination of root 
growth at various depths over longer periods of time would be useful for 
providing a more complete picture of the colonization and stabilization of 




Coal Mining History and Reclamation 
Coal mining has been an active industry in Tennessee since the 19th 
century, at the conclusion of the Civil War (Fribourg et al. 1981). During 1970’s 
coal mining reached its peak in this region. Larger equipment was being used to 
extract coal more efficiently.  Some reclamation practices were required, such as 
grading the slope back towards the high wall, but these were minimal. Sediment 
ponds were not required, but silt structures were made with rocks and logs to 
regulate runoff (Strange unknown date).  
The Surface Mining Control and Reclamation Act (SMCRA) passed during 
1977. This act was meant to aid the Clean Water Act to improve water quality, 
which in turn improved the reclamation practices of these mine sites. The 
SMCRA’s focus on stability resulted in compacted soils and planting of 
aggressive ground covers to decrease soil erosion. Following this act, reclaimed 
sites had an increase in slope stability and an improvement in water quality. Even 
though these goals were accomplished, it did not provide the best environment 
for trees to grow. Instead grasslands were formed, but they are typically not used 
for pastures or hay. In recent years, reclamation goals have changed to include 
the restoration of forests, requiring adaptations to reclamation practices and 
resulting in the development of the Forestry Reclamation Approach (FRA).  FRA 
is a method of reclamation to promote the growth of trees and development of a 
forest (Angel et al. 2005). There are five steps to this approach, which are: “1. 
Create a suitable rooting medium for good tree growth that is no less than 4 feet 
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(1.2 m) deep and comprised of topsoil, weathered sandstone and/or the best 
available material. 2. Loosely grade the topsoil or topsoil substitute established in 
step one to create a non-compacted growth medium. 3. Use ground covers that 
are compatible with growing trees. 4. Plant two types of trees: early successional 
species for wildlife and soil stability, and commercially valuable crop trees. 5. Use 
proper tree planting techniques” (Burger et al. 2005).  
Soils of older reclaimed mine sites are often characterized by compaction. 
Following the FRA methods, these soils should be less compacted but also 
remain stable. The goal of using low compaction grading allows the soil to hold 
more water and air in pore spaces, to encourage better growth for tree seedlings 
and groundcovers (Sweigard et al. 2007). However, often these sites have 
problems with erosion, especially when rills or gullies form. This has been noted 
to change the dispersal of soil moisture so that some areas will accumulate 
moisture and other areas will have deficiencies (Andersen et al. 1989). The 
development of rills exposes the roots of tree seedlings, and can result in 
significant mortality of planted trees (Rizza 2008).  The roots of ground cover 
vegetation hold the soil, reducing erosion. This will help increase the rates of 
survival of the trees. The roots will also eventually add to the organic matter of 
the site thus improving the soil quality. Both of these factors increase the chance 
for successful reclamation. Roots can also influence other soil characteristics. 
Soil moisture and soil temperature effects on root growth. 
 Soil moisture can be quite variable on mine sites, so it is important to 
understand how soil characteristics like moisture and temperature affect tree 
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growth. This can different at various positions on the slope. Due to the bare 
ground being exposed to sun and wind, one concern during reclamation is the 
water holding capacity of soil, since there is less pore space within which 
moisture can be retained. Root growth is limited by mechanical resistance, water 
potential or soil aeration, which is directly related to water content (Morris et al 
2006). Cote et al (1998) found that fine root production was higher in years of 
higher soil moisture. However the relationship is complex, and one study found 
that that fine root length was negatively correlated to soil moisture (Davis et al 
2004). In addition to affecting root growth, soil moisture can affect nutrient 
absorption and root mortality (Waisel et al 2002). Drought affects the uptake of 
nutrients because it inhibits root respiration. This can then lead to root death. Dry 
soils can cause mortality in grasses that lack an exodermis.  In other plant 
species fine lateral roots are shed in dry soil, but they regrow quickly once the 
soil is wetted.  
 Another factor that could relate to tree root growth is soil temperature 
(Waisel et al 2002). The majority of fine tree roots are found in the upper layers 
of soil, which can make them more susceptible to high soil temperatures (Lyford 
1980). Soil temperatures are typically lower than air temperatures but in some 
cases the surface temperatures can either approach or exceed air temperatures 
(Waisel et al 2002).  Soil temperature on either extreme (cold or hot) can affect 
root growth and mortality, even when soil moisture and nutrient availability are 
adequate. As soil temperature increases, so do rates of root extension and root 
mortality (Pregitzer et al 2000). This suggests that the vegetation above ground 
26 
 
is linked to soil temperature by influencing it through shading.  Conversely, can 
be influenced by soil temperature by its influence on root growth and survival. 
Fine root production is strongly linked with mean air temperature, but proportional 
fine root mortality was also directly associated with soil temperature (Tierney et al 
2003). This may mean that there is an optimum temperature range that supports 
greater root growth without causing mortality.  
Objectives and Hypotheses 
 The overall objective for this field study was to test the effects of site 
physical factors and biotic factors on root growth.  The first objective is to 
determine the relationships between site physical factors (soil moisture, slope 
position, and soil temperature). The hypothesis is that there is a relationship 
between these different factors. There will be differences in soil moisture and soil 
temperature at different slope positions due to site hydrology and possible 
differences in the amount of solar radiation intercepted.  
 The second objective is to characterize the relationship between root 
growth, and ground cover type and percentage. The hypothesis for this objective 
is that there will be a relationship between root growth and both ground cover 
type and percentage. 
 The third objective is to determine which soil physical factors most 
influence root growth. These physical factors, may impact how or where roots are 
able to grow in the soil. The hypothesis for this objective is that there will be 
differences in root growth at different slope positions, and that root growth is 
related to soil moisture and temperature.  
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 The fourth objective is to investigate the relationship between ground 
cover type and percentage and the soil physical factors. The site physical factors 
could affect how the different ground covers establish on the site, meaning that 
some could perform better than others. The hypothesis is that establishment of 
different ground covers will have a relationship with the site physical factors.  
For this experiment the below-ground environment will be examined by 
looking at the root growth and soil moisture found on steep slopes of a reclaimed 
mine site. On these sites four tree species were planted with four ground cover 
treatments: alfalfa (Medicago sativa), goldenrod (Solidago nemoralis), 
switchgrass (Panicum virgatum), and bare ground. Both tree and ground cover 
species were selected because they are native vegetation or because they 
provide an aggressive cover. Several tree species (Carya ovata, Quercus rubra, 
Prunus serotina and Castanea dentata) were planted, and their growth and 
survival is reported by Klobucar (2010), although only northern red oaks 
(Quercus rubra) were measured for the current study. Specifically, below-ground 
competition for resources between the ground cover species and tree species 
were examined. It is important to determine which ground cover species provides 
adequate cover but not displace the tree seedlings through aggressive use of 
resources. The relationships between these plants and soil moisture and soil 
temperature may help to identify whether competition is occurring. 
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Materials and Methods 
Site Description 
Three surface coal-mining sites in eastern Tennessee  (USA) were 
selected for this experiment. The first is located on Zeb Mountain (36º30’N 
84º16’W), which was mined by National Coal Company. The study site has a 
southwest-facing slope (151) and has an elevation of 701 meters. The second 
site is found on Windrock Mountain (36º07’N 84º19’W), which as an elevation of 
859 meters and is a west-facing slope (290 ). The third site for this experiment is 
located on King Mountain (36º37’N 83º56’W), and was mined by Mountainside 
Coal Company. This site is west-facing (287) and has an elevation of 594 
meters. Each of these sites (figure 2) was reclaimed using the FRA and 
maintained a steepness of between 20% and 45%. Soils were a mixture of 
sandstones, shales, and clay.  
 Each site is divided into four plots to accommodate four different ground 
cover treatments. Treatments were assigned randomly to account for variation in 
material and topography across the site. Each plot was then subdivided into 
three subplots, one for each tree species group. Shagbark hickory (Carya ovata) 
and northern red oak (Quercus rubra) have their own subplots but black cherry 
(Prunus serotina) and American chestnut (Castanea dentata) are planted 
together in the third subplot. This division allows the effects that ground cover 
types have on tree species to be measured. The placement of species in these 
subplots remains the same across all sites, with hickories being planted in the 
first subplot, the second planted with oak, and the third being the cherry/chestnut 
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mix. These subplots consist of 3 columns with 12 rows of trees, for a total of 36 
trees within each subplot. These trees are spaced 2 meters apart within each row 
and there is a 1-meter buffer on the edge of each subplot. The first row is placed 
4 meters below the top edge of the subplot. The second row is 2 meters below 
the first. The third row 4 meters below the second row and the fourth row is 2 
meters below the third row. This pattern continues, to make up the 12 rows. 
Figure 3 is a representation of a site, and its division into plots and subplots. 
Trees were planted in March 2009 using a dibble bar for hand planting. Alfalfa 
was seeded at a rate of 15 lbs (6.8 kg) per acre immediately after planting trees. 
Switchgrass was applied at 5 lbs (2.3 kg) per acre using the Blackwell variety. 
Goldenrod was applied at 1 lb (0.5 kg) per acre. Annual rye was seeded during 




Figure 2: Map of the area where the three sites are located in eastern 








 To collect the soil moisture and root growth data, two polyacrylamide 
tubes were installed 25 cm below selected red oak seedlings. The tubes were 
installed at the top, middle, and lower slope positions to address the effects of 
slope on soil moisture and root growth. Figure 3 is a representation of where 
these trees are located within each plot. These tubes were installed together so 
that the relationship between soil moisture and root growth can be understood. 
The two tubes differ in diameter: a 6.35 cm ( 2-½ inch) diameter tube for use with 
the root scanner (CI-600 CID Inc., Camas, WA) and a 1.91 cm (¾ inch) diameter 
tube for use with the soil moisture probe (Aqua Pro-Sensors LLC, Ducor, CA). 
The tubes are approximately 91 cm (3 feet) in length and installed 25 cm apart 
and 25 cm below the tree, and perpendicular to the slope.  
Once the tubes were installed in May and June 2009, bimonthly readings 
of volumetric soil moisture were taking using the soil moisture probe, and 
recorded on a PDA (HP iPAQ rxl 1950 series), using Aquapro software. Moisture 
at depths of 15, 23, 30, 46, 61, 76 cm (3, 6, 9, 12, 18, 24, and 30 inches) was 
measured. Data was transferred to a computer for further analysis. The initial 
root scans were taken during December 2009 and January 2010 at depths of 23, 
46, and 76 cm (9, 18, and 30 inches), then scans were made monthly from May 
2010 through July 2010. The root scanner was connected via a USB port to a 
laptop with the corresponding software and lowered down the larger diameter 
tube (root scanning tubes) to the depths stated above.  The image was saved as 
31 
 
an image file that was analyzed using the WinRHIZO TRON 2008 (Regent 
Instruments Inc., Canada) software to determine the amount of roots present by 
calculating the root length, root surface area and root volume. All root length 
measurements were based on a cubic meter soil volume. Root length was used 
for statistical analysis since it directly influenced the surface area and volume. 
Along with this data, the percentage of ground cover around the tube and tree 
were measured using a 1 m2 quadrat to estimate the cover percentage of 
species planted, as well as the percentage of ground covered by species that 
naturally established. During these measurements a soil temperature probe was 
pushed into the ground to a depth of 10 cm to measure the below-ground 
temperature. Soil temperature is measured monthly between May 2010 and 
August 2010.  
 
Figure 3: Experimental design showing one site with the four ground cover 
treatments (blue=switchgrass, pink=bare, green=alfalfa, yellow=goldenrod) being 
further divided into three different subsections for the tree species. On Zeb the 
order is from left to right looking up at the slope, goldenrod, alfalfa, bare, 
switchgrass. Mountainside’s order is goldenrod, switchgrass, bare, alfalfa. 





H O C H O C H O C H O C
H O C H O C H O C H O C
H O C H O C H O C H O C
H O C H O C H O C H O C
H O C H O C H O C H O C
H O C H O C H O C H O C
H O C H O C H O C H O C
H O C H O C H O C H O C
H O C H O C H O C H O C
H O C H O C H O C H O C
H O C H O C H O C H O C












Figure 4: Diagram of one subplot. The letter indicates the tree species 
(H=hickory, O=northern red oak, C=cherry or chestnut) while the x shows the 
location of each set of sampling tubes.  
Statistics 
 Objective 1 
 To test the relationships between the site physical factors (slope position, 
soil moisture and soil temperature) a mixed model ANOVA was used. Soil 
moisture was tested for each month and at each depth against slope position. 
Soil moisture at the depth of 15 cm (6 inches) was tested against soil 
temperature for each month. Soil temperature was tested against slope position 
for each month. Sites were tested together, and then separately to determine 
whether there were any differences within sites. All analyses were done using 
SPSS software (SPSS Inc., Chicago, IL). 
 Objective 2 
 For the second objective relationships between the biotic factors (root 
growth and ground covers) were tested using correlation analyses. Root growth 
for each month was calculated by using changes in root length as an average 
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and at each depth and this was compared to ground cover percentage for the 
preceding month. Each site was tested separately. 
 Objective 3 
 Root growth’s relationship to soil moisture at depths of 23, 46, and 76 cm 
(9, 18, and 30 inches) was tested for each month: December, March, April, May, 
and June. A simple linear regression was used to test this relationship. Root 
growth was then tested with slope position at the 3 depths at each of the tube 
locations during the different months using a simple linear regression. Finally root 
growth was tested with soil temperature but only in the first depth, 23 cm (9 
inches), for each month, May and June. Simple linear regression was also used 
to compare these variables. SPSS was used to run the regressions. 
 Objective 4 
 Groundcover treatment and percent cover’s relationship with soil moisture, 
slope position, and soil temperature was tested. Linear regression was used to 
test the relationship between each set of variables for the months of May, June, 
and August. Soil moisture was averaged across depth at each sampling location, 
and within each treatment. Soil temperature was tested in each ground cover 
treatment during the different dates, which were used as a covariate. 
Results 
 Objective 1 
 Slope position was not related to soil moisture and soil temperature. Depth 
was significantly related to soil moisture. Tables 1-3 show the significance of 
depth at the three sites at different dates. Figures 5, 6, and 7 show how soil 
34 
 
moisture changed at different depths at the three different sites. Soil moisture 
and soil temperature were not related to one another.  
 
Table 1: Relationship of soil depth to average soil moisture on the Mountainside 
plots. 
Source Dependent Variable Type III Sum of Squares df Mean Square F Sig.
depth Jul-09 4871.475 5 974.295 2.377 0.053
Aug-09 3598.419 5 719.684 4.191 0.003
Sep-10 4305.336 5 861.067 4.617 0.002
Dec-10 4042.973 5 808.595 3.749 0.006
Mar-10 4043.765 5 808.753 3.999 0.004
Apr-10 6493.658 5 1298.732 8.3 <0.001
May-10 5738.638 5 1147.728 5.867 <0.001
Jun-10 3699.105 5 739.821 3.576 0.008








Table 2: Relationship between soil depth and average soil moisture on Premium 
plots. 
Source Dependent Variable Type III Sum of Squares df Mean Square F Sig.
depth Jul-09 6978.913 5 1395.783 4.178 0.003
Aug-09 5702.374 5 1140.475 3.232 0.013
Sep-09 5528.87 5 1105.774 3.325 0.012
Dec-09 3262.386 5 652.477 2.177 0.072
Mar-10 3335.826 5 667.165 2.159 0.074
Apr-10 4036.372 5 807.274 2.742 0.029
May-10 3878.1 5 775.62 2.539 0.04
Jun-10 3867.947 5 773.589 2.747 0.029




















Table 3: Relationship between soil depth and average soil moisture on Zeb plots. 
Source Dependent Variable Type III Sum of Squares df Mean Square F Sig.
depth Jul-09 2985.22 5 597.044 2.23 0.066
Aug-09 3832.325 5 766.465 2.615 0.036
Sep-09 3860.803 5 772.161 2.856 0.025
Dec-09 3151.819 5 630.364 2.587 0.038
Mar-10 3304.377 5 660.875 2.787 0.027
Apr-10 5475.658 5 1095.132 4.402 0.002
May-10 6552.708 5 1310.542 4.96 0.001
Jun-10 7506.887 5 1501.377 5.499 <0.001




Figure 5: Average soil moisture at depths of 15 to 76 cm over 14 months on 






Figure 6: Average soil moisture at depths of 15 to 76 cm over 14 months on 
















 Objective 2 
 Root growth and ground cover treatment/ percent cover were not related 
to one another at any of the three sites. Within each ground cover type, the 
change in root length over each month was not related to the percentage of 
ground cover that had been recorded in the previous month. Ground cover type 
and ground cover percentage also did not have a significant relationship. Figure 
8 shows the seasonality of root growth over the measured soil profile in the four 
different ground cover treatments, when averaged across all sites. Goldenrod did 
not germinate on the site so roots from that plot are from the tree and other 




Figure 8: Root growth varied over time in the different ground cover treatments 







 Root growth was not related to soil moisture at any depth or site, on any of 
the measurement dates. Root growth was also not related to slope position or 
soil temperature at any depth or site over time. Root growth however was 
strongly related to depth (p=0.004). Figure 9 shows root lengths at the different 




Figure 9: Root length changed over time differently at the different depths across 
















 Ground cover percentage was related to soil temperature (p=0.010). 
Figure 10 shows the overall relationship between ground cover percentage and 
soil temperature. Figures 11, 12, 13 show the monthly relationships. The 
significant relationship was mostly explained by date. It was not related to slope 
position or soil moisture.  
 
 
Figure 10: Groundcover percentage is significantly related to soil temperature 
(p<0.010) when using date as a covariate. However there is a large amount of 





Figure 11: Groundcover percentage plotted against and soil temperature at each 




Figure 12: Groundcover percentage and soil temperature during June 2010 





Figure 13: Groundcover percentage and soil temperature during August 2010 
showed more variation than June 2010 and May 2010. 
 
Discussion 
The site physical factors were not strongly linked to one another, therefore 
the hypothesis for objective one was not supported. In the soil the upper layers 
were drier than the lower layers. Also, the upper layers are drier since they are 
exposed to higher temperatures due to evaporation (Teskey and Hinckley 1981). 
Two of the three sites show a fairly consistent pattern over time with the lower 
three layers (46, 61, and 76 cm) having a greater soil moisture than the upper 
three layers (15, 23, and 30 cm). The Premium site had drier surface soils, and 
with less clearly defined patterns. This may be because the soil substrate is so 
heterogeneous that water does not move the same way through the soil as 
through soils with defined horizons. Matre et al. (2002) found that sandy soils had 
higher soil moisture than rocky soils. If there is a mixture of soil types in a small 
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area then water may be held for longer in the upper layers compared to another 
area that may have a rockier matrix.   
The biotic factors of the experiment were also not related to each other. 
Root growth was not related to ground cover type or percentage at the different 
depths. We expected above-ground biomass to be closely correlated with below-
ground biomass.  Our failure to find this relationship could be due to the small 
sample size that did not truly represent what was going on below the ground. 
Also the root scanning tubes may also not be capturing all the roots if it was 
placed in a spot that was too rocky for roots to grow or if there are patches of 
nutrients. One study found that sweetgum (Liquidambar styraciflua) roots were 
located in areas with higher concentrations of nutrients (Mou et al. 1997). Yet 
loblolly pine (Pinus taeda) roots were located in spaces without a major 
concentration of nutrients. Ground cover type and ground cover percentage were 
also not related to one another indicating that one species does not have 
significantly greater growth than another. This could also be due to the small 
sample size and high variability, but may also be related to the problems with 
establishment of some ground cover species. Goldenrod did not germinate on 
any of the sites and so it was absent. The Zeb mountain site was inadvertently 
hydroseeded when adjacent areas were being reclaimed. The success of other 
ground cover treatments also varied from site to site and was not uniform within 
each site. Overall germination of the groundcovers was low. 
Root growth was not related to soil moisture, slope position, or soil 
temperature but was related to depth. The upper two layers (23 and 46 cm) had 
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much greater root biomass than the lower layer (76 cm). Lyford (1980) explained 
that in young northern red oak trees most of the root system would be found in 
the upper layers of soil, since the root system is composed of a deep tap root 
with many spreading, fine laterals. However in this experiment it is difficult to 
distinguish tree roots and ground cover roots from one another due to 
discoloration from the soil. Root growth and soil moisture were not related, 
possibly because of the heterogeneity of the soil. Even if one area has greater 
soil moisture than another area, roots may not be able to reach the resource if 
there is a rocky substance hindering its growth. Also, root systems may not be 
developed enough to show a relationship between these two variables. Soil 
temperature and root growth did not show a relationship, which could mean that 
temperatures are not outside of an optimum range within which fluctuations did 
not hinder or help growth. Also in each groundcover treatment there was a 
different pattern of root development over time. As seen in Figure 7 root growth 
of some species continued to increase throughout the whole growing season 
while others peaked in May. Still there was another species that showed growth 
one month and then a loss of roots the next. This could explain why soil moisture 
and root growth were not related since the amount of roots changed every month 
and not in a steady pattern. 
Ground cover percentage showed a weak relationship with soil 
temperature and most of the results are explained by date. As the summer field 
season progressed, temperatures rose and ground cover percentages increased. 
Ground covers can affect soil temperature by changing the energy transfer 
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between the atmosphere and the soil surface through shading or insulating the 
ground (Grant et al. 1995).  Further studies are needed to be done to account for 
the seasonal variations in temperatures and ground cover percentages.  
Conclusion 
In the limited time that this study was conducted two factors, date and 
depth, appeared to be very important for describing vegetative development. 
Different dates had different amounts of soil moisture, root growth, soil 
temperatures, and ground cover percentage. The seasonal variations should be 
more closely examined since they could be hiding any relationships that the site 
physical factors and biotic factors may have with one another. Further study over 
more than one growing season should be done. 
Soil depth was also an important factor in this study. Both soil moisture 
and root growth were related to depth and showed differences in the upper layers 
compared to the lower layers. However soil moisture and root growth were not 
related to each other at each depth. This could indicate that there is 
heterogeneity on a small scale, such that areas with higher soil moisture do not 
necessarily have roots or vice versa. Another possibility is that soil moisture is 
greater at the lower depths, almost completely saturated, which could mean that 
it was too wet for roots to grow (Davis et al. 2004). It is also possible that the root 
systems are not developed enough to show this relationship, or that the 
measuring methods is not adequately capturing root biomass. 
Seasonal variations need to be understood to optimize reclamation 
practices. Reclamation is a long-term project, so studies of reclamation should be 
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long-term as well, to include several growing seasons. Currently, the FRA 
specifies only the upper 1.2 m (4 feet) of a reclaimed mine site to protect from 
compaction and to use the best materials available, but since depth is so 
important it might be wise to consider the possibility of increasing the depth of 
this layer, since roots can extend much beyond 1.2 m (4 feet). Further study is 
needed on a long-term scale to better define the relationships between the site 





Andersen, C.P., Bussler, B.H., Chaney, W.R., Pope, P.E., Byrnes, W.R. 1989. 
concurrent establishment of ground cover and hardwood trees on 
reclaimed mined land and unmined reference sites. Forest Ecology and 
Management. 28:81-99. 
 
Angel, P., Davis, V., Burger, J., Graves, D., Zipper, C. 2005. The Appalachian 
regional reforestation initiative. Forest Reclamation Advisory. 
http://arri.osmre.gov/FRA.htm. August 18, 2010.1. 1-2. 
 
Baver, L.P., Gardner, W.H., Gardner, W.R.1972. Soil Physics. 4th ed. New York; 
John Wiley and Sons. Not cited in text 
 
Berg, W.A. 1978. Limitations in the use of soil tests on drastically disturbed 
lands. pp. 653-664. In: Schaller, F.W., and P. Sutton (eds.). Reclamation 
of Drastically Disturbed Lands. ASA, CSSA, and SSSA, Madison, WI. 
 
Burger, J., Graves, D., Angel, P., Davis, V., Zipper, C. 2005. The Forestry 
reclamation approach. Forest Reclamation Advisory. 
http://arri.osmre.gov/FRA.htm. August 18, 2010. 2. 1-4. 
 
Cote, B. Hendershot, W.H., Fyles, J.W., Roy, A.G., Bradley, R., Biron, P.M., 
Courchesne, F. 1998. The phenology of fine root growth in a maple 
dominated ecosystem: relationships with some soil properties. Plant and 
Soil. 201. 56-69. 
 
Davis, J.P., Haines, B., Coleman, D., Hendrick R. 2004. Fine root dynamics 
along an elevation gradient in the southern Appalachians Mountains, USA. 
Forest Ecology and Management. 187. 19-34. 
 
Day, S.D., Seiler, J.R., Persaud, N. 2000. A comparison of root growth dynamics 
or sliver maple and flowering dogwood in compacted soil at differing soil 
water contents. Tree Physiology. 20. 257-263. Not cited in text 
 
Fribourg, H.A., Jent, C., Maher, S., Burns, J., Paugh, J.H. 1981. Guide to 
revegetating surface coal-mined areas in Tennessee. Agricultural 
extension service publication. The University of Tennessee. Knoxville, TN. 
27p. 
 
Grant, R.F., Izaurralde, R.C., Chanasyk, D.S. 1995. Soil temperature under 
different surface managements: testing a simulation model. Agricultural 




Klobucar, A.D. 2010. Competitive interactions between Appalachian hardwoods 
and different groundcovers on reclaimed mines sites. Masters Thesis. 
University of Tennessee.  
 
Kolb, T.E., Steiner, K.C., 1990. Growth and biomass partitioning of Northern red 
oak and yellow-poplar seedlings: effects of shading and grass root 
competition. Forest Science. 36:1, 34-44. Not cited in text 
 
Long, T.J., Jones, R.H. 1996. Seedling growth strategies and seed size effects in 
fourteen oak species native to different soil moisture habitats. Trees. 11. 
1-8. Not cited in text 
 
Lyford, W.H. 1980. Development of the root system of Northern red oak 
(Quercus rubra L.). Harvard Forest Paper. 21. 1-31. 
 
Martre, P., North, G.P., Bobich, E.G., Nobel, P.S. 2002. Root deployment and 
shoot growth for two desert species in response to soil rockiness. 
American Journal of Botany. 89:12. 1933-1939. 
 
Morris, L.A., Ludovici, K.H., Torreano, S.J, Carter, E.A, Lincoln, M.C, Will, R.E. 
2006. An approach for using general soil physical condition-root growth 
relationships to predict seedling response to site preparation tillage in 
loblolly pine plantations. Forest Ecology and Management. 227. 169-177. 
 
Mou, P.U., Mitchell, R.J., Jones, R.H. 1997. Root distribution of two species 
under a heterogeneous nutrient environment. Journal of Applied Ecology. 
34. 645-656. 
 
Office of Surface Mining Reclamation and Enforcement. 2008. Annual evaluation 
summary report for the regulatory program.  
 
Pregitzer,K.S, King, J.S., Burton, A.J., Brown S.E. 2000.Responses of fine tree 
roots to temperatures. New Phytologist. 147:1. 105-115. 
 
Rizza, J.J. 2007. The influence of different ground cover treatments on the 
growth of outplanted seedlings on remined sites in Eastern Tennessee. 
Master’s Thesis. University of Tennessee. 
http://trace.tennessee.edu/utk_gradthes/31 
 
Strange, J. unknown date. Historic review of minesite reforestation in Tennessee. 
Office of Surface Mining.  
 
Sweigard, R., Burger, J., Zipper, C., Skousen, J., Barton C., Angel. P. 2007a. 
Low compaction grading to enhance reforestation success on coal surface 
48 
 
mines. Forest Reclamation Advisory. http://arri.osmre.gov/FRA.htm. 
August 18, 2010. 3. 1-6. 
 
Teskey, R.O., Hinckley, T. M. 1981. Influence of temperature and water potential 
on root growth of white oak. Physiological Plant. 52. 363-369. 
 
Tierney, G.L., Fahey, T.J., Groffman, P.M., Hardy, J.P., Fitzhugh, R.D., Driscoll, 
C.T., Yavitt, J.B. 2003. Environmental control of fine root dynamics in a 
northern hardwood forest. Global Change Biology. 9. 670-679. 
 
Waisel, Y., Eshel, A., Kafkafi, U. 2002. Plant Roots: the hidden half. 3rd ed., New 




Chapter 3: Differences in fine root mass, soil moisture, and foliar 
transpiration of Northern red oak seedlings (Quercus rubra) in 




 Reclamation practices for forestry use different ground cover species to 
protect the soil while not competing too heavily for resources with trees planted in 
them.  Demonstrating the possible below-ground competitive effects of different 
ground cover treatments have on northern red oak (Quercus rubra) in a green 
house setting is the objective of this study. The objectives were to examine fine 
root growth of oak seedlings in the different ground covers, as well as the 
relationships between root growth, soil moisture and transpiration. Forty-eight 
two-year-old seedlings were planted in separate pots with one of four different 
ground cover treatments; annual rye (Lolium multiflorum), alfalfa (Medicago 
sativa), switchgrass (Panicum virgatum), and a bare ground treatment. After two 
months of growth the first of two dry-down periods were implemented to mimic 
drought. During these periods soil moisture and foliar transpiration were 
measured. After the second dry-down period the trees were harvested and fine 
root mass was measured. Fine root mass was significantly different in each of 
the ground cover treatments. Annual rye treated trees had the lowest fine root 
mass, and bare ground had the highest followed by alfalfa.  Soil moisture and 
transpiration were different in each groundcover treatment as well. The annual 
rye treatment had both the lowest soil moisture and transpiration rate of oak 
leaves, followed by switchgrass and the bare treatment. In the second dry-down 
period the differences in transpiration and soil moisture between oaks in the 
alfalfa and switchgrass treatments were not significant.  Fine root mass of oaks 





 Surface Mining and Reclamation 
 
Surface mining is a method of retrieving minerals that leaves the land stripped of 
vegetation, organic matter, and topsoil.  The bare ground conditions can cause 
problems such as reduced water quality, soil erosion, and mass slope failure. Prior to 
1977, there were no laws or regulations that required site reclamation by the coal mine 
companies. The Surface Mining Control and Reclamation Act (SMCRA) was passed in 
1977 shortly after the Clean Water Act (1977) to address environmental problems 
created by surface mining. The Office of Surface Mining (OSM) was also created to 
enforce this act (Vories Unknown date). Reclamation practices were developed that 
consisted of heavily compacting the soil, and seeding the bare ground with aggressive 
and sometimes exotic ground cover species (Burger et al 2002). These species 
included Kentucky 31 Fescue (Festuca arundinacea), and sericea lespedeza 
(Lespedeza cuneata). The ground cover species prevented erosion and lead to 
improvements in water quality but they were too aggressive for many tree species to be 
able to compete adequately. Given the large amount of compaction and highly 
competitive nature of grasses, the environment created was too hostile for the 
restoration of native hardwood forests.  
Forestry Reclamation Approach  
In 2004 the Forestry Reclamation Approach (FRA) was created to provide a way 
to facilitate the restoration of forests. The first step in the 5-step approach is to create a 
suitable rooting medium for good tree growth that is no less than 1.2 m (4 feet) deep 
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and comprised of topsoil, weathered sandstone and/or the best available material. The 
second step is to loosely grade the topsoil or topsoil substitute established in the first 
step to create a non-compacted growth medium. The third step is to use groundcovers 
that are compatible with growing trees. In the fourth step, 2 types of trees are planted: 
early successional species for wildlife and soil stability, and commercially valuable crop 
trees. The final step is to use proper tree planting techniques (Burger et al. 2005). 
The focus of FRA is to create a suitable growing medium as well as using 
appropriate ground cover and tree species. To make a good growing medium it is 
essential to prevent compaction. A loosely graded soil has more pore space for both 
water and air which is better for root growth (Sweigard et al. 2007). One study found 
that as compaction decreased there was greater growth and survivorship of various 
hardwood species (Torbert and Burger 1992). Another study from the Starfire mine in 
Kentucky showed that trees planted on plots with loosely graded soils had better growth 
and survival compared to those on compacted plots (Angel et al. 2006). Ground cover 
species are also important to reclamation because they provide protection to the soil 
from erosion. Selecting a species that won’t compete too heavily with trees is also 
important. Recommended species are sparse the first year and become denser in the 
following years (Burger and Zipper 2002). This provides time for a tree to establish and 
increases their survival. Burger et al. (2009) recommends species like, orchardgrass 
(Dactylis glomerata), Timothy (Phleum pratense), winter rye (Secale cereale), foxtail 
millet (Setaria italica), redtop (Agrostis gigantea), and perennial ryegrass (Lolium 
perenne). Legumes are also recommended because of their nitrogen fixing abilities. 
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These species include Kobe lespedeza (Lespedeza striata var. Kobe), birdsfoot trefoil 
(Lotus corniculatus), and white clover (Trifolium repens).  
Below-ground Competition 
Below-ground competition can be intense especially on sites with limited soil 
resources (Putz et al. 1992). Available soil moisture is affected by the presence of a 
herbaceous species (Davis et al 1999). Competition between an herbaceous ground 
cover and tree causes there to be a reduction in soil moisture which then leads to 
reductions in rates of root extension (Ludovici and Morris 1997). The reductions of 
available soil water are highly correlated to reductions in survival and photosynthesis 
(Davies et al. 1999). Tree root distribution is also affected by the presence of 
herbaceous cover (Dawson et al. 2001). Also roots were found to be shallower on sites 
that were drier and hotter (Schenk and Jackson 2002). However, there are benefits of 
ground covers like addition of soil carbon by decomposition of their roots (Chang et al. 
2002) and the addition of organic matter which increases soil water holding capacity. 
  Fine root mass relationship with transpiration and soil moisture 
Fine root mass affects, and is affected by, both transpiration and soil moisture. 
One study found that specific root length and root mass increased with increasing soil 
moisture (Cote et al 1998).  Water taken up by roots is then used for transpiration, the 
process in which water and gas is exchanged between the leaf and the atmosphere. 
Oren and Pataki (2001) found that transpiration and soil moisture were linked. When 
there was higher soil moisture there were also higher rates of transpiration. Another 
study linked root mass and transpiration, but found that changes in the amount of roots 
54 
 
did not affect transpiration since roots changed their permeability to maintain leaf water 
potentials (Aston and Lawlor 1979). 
Objectives and Hypotheses 
The overall goal of the study was to investigate below-ground interactions 
between different groundcover species and northern red oak seedlings (Quercus rubra). 
The first objective was to determine if there are differences in the production of fine 
roots from the northern red oak amongst the different groundcover treatments. The null 
hypothesis was that there would be no differences in fine roots of the northern red oaks 
between the different ground covers. The alternate hypothesis was that there would be 
differences in fine roots of the northern red oaks between the different ground covers. 
The second objective was to examine the differences in soil moisture between 
the various ground cover treatments. The null hypothesis was that there would be no 
differences in soil moisture between the different ground cover treatments. The 
alternate hypothesis was that there would be differences in soil moisture between 
different ground cover treatments.  
The third objective was to determine whether there is a relationship between tree 
fine root biomass and both soil moisture and transpiration. The null hypothesis was that 
there would be no relationship between fine root biomass and soil moisture and fine root 
biomass and transpiration. The alternate hypothesis was that there would be a 
relationship between fine root biomass and soil moisture and fine root biomass and 
transpiration. 
 




 Planting regime for seedlings 
 
Forty-eight dormant, bare-root, two-year-old northern red oak seedlings from the 
Kentucky Division of Forestry State Nursery (West Liberty, Kentucky) were planted in 
pots on March 13, 2010. The location of the experiment is the University of Tennessee-
Knoxville greenhouse (35º56’N 83º56’W) located in Knox County, Tennessee. The pots 
were 19 centimeters in diameter by 36 centimeters deep containing a 1:1 ratio of sand 
and vermiculite. The mixture of sand and vermiculite provided a homogenous substrate 
and allowed for control over nutrient availability.  
Ground cover species 
Ground cover treatments were assigned to 12 pots each, at a seeding rate of 12 
grams per pot except for the bare treatment, which did not have any seeds. The ground 
cover treatments were bare ground, alfalfa (Medicago sativa), switchgrass (Panicum 
virgatum), and annual rye (Lolium multiflorum). 
Alfalfa is a perennial legume with a spreading growth form that can grow as tall 
as 1 m (USDA NRCS Plant Materials Program 2006). Alfalfa is unique from the other 
ground cover species used in this study due to its ability to fix nitrogen. Weaver (1926) 
found that the root systems could extend up to 2 m deep into the soil. For this study the 
Evermore variety was used. It was purchased from the Foothills Farmers Co-op in 
Maryville, TN. The seeds originated from Wyoming and have a germination rate of 85% 
with a rating of 65.8% pure live seed.  
Switchgrass is a perennial warm season grass native to the U.S. (USDA NRCS 
Plant Materials Program 2006). It reaches a height of 1 to 3 m with a spreading top. Its 
root system is deep, up to 3 m deep, and fibrous. The Alamo variety was used for the 
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study. The seeds were purchased from the Bamert Seed Company in Muleshoe, Texas. 
Texas is also the seed source. The germination rate was listed as 81% with a rating of 
88.77% pure live seed.  
Annual rye is an exotic grass known for its rapid growth (USDA NRCS Plant 
Materials Program 2002). Annual rye can be up to 1 m tall at maturity, and also has a 
fibrous root system. The seeds for the study were purchased from Foothills Farmers 
Co-op in Maryville, TN. The seed source was Oregon, and the germination rate was 
listed as 89% with a rating of 93.74% pure live seed. 
Seeds were also planted in March of 2010; 12 grams of seed were used in each 
pot. This amount was chosen to ensure a thick ground cover would be present which 
would force competitive interactions between the groundcover and the tree seedling. 
Watering Regime and Dry-Down Periods 
Over the course of the study pots were watered Mondays, and Wednesdays. 
One liter of nutrient solution was added to each pot on Fridays in addition to the normal 
watering. This solution was comprised of 50% deionized water and 50% Hoagland 
solution (Hoagland and Arnon 1939). The solution created a uniform amount of 
available nutrients to the plants within each pot. Two dry down periods were 
administered during the study. During these periods no water or nutrient solution was 
added to the pots. The first dry down period began on 5/15/10 and ended on 5/20/10. 
The second dry down period began on 7/3/10 and ended on 7/7/10. Include the growth 
conditions in the greenhouse. 
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Fine Root Mass  
Fine root mass of oak seedlings was measured at the end of the study. After the 
trees were harvested from the pots, the root system was separated from the main stem 
above the first lateral root. Root systems were then dried for 24 hours in a drying oven 
at 50°C and then weighed. After drying the fine roots were removed from the tap root 
system by clipping off any roots that were smaller than 1.5 mm in diameter. The fine 
roots were then weighed.  
Soil Moisture and Transpiration 
Soil moisture and transpiration were measured daily during the two dry-down 
periods. Soil moisture was recorded as a volumetric percentage using a TRASE 
6050X1 TDR Soil Moisture Probe (Soil Moisture Equipment Corp. Santa Barbara, CA). 
Transpiration was measured on the upper-most, undamaged, fully-expanded leaf of 
each live seedling every morning between 9 a.m. and 12 p.m. using a Li-Cor LI-1600 
Steady State Porometer (Li-Cor, Inc., Lincoln, NE). Foliar transpiration was measured 
every day during the dry-down periods until the rate fell below 0.50 µg cm-2 s-1.  
Statistical Analysis 
 Objective 1 
Data for this project were analyzed using SAS© software version 9.2. Fine root 
mass was analyzed using a mixed model ANOVA.  
Objective 2 
Soil moisture was analyzed using a Complete Randomized Design (CRD) with 
repeated measures, as was foliar transpiration. Both were analyzed each day of the dry 




 The relationship between average transpiration rate during the second dry-down 
period transpiration and fine root mass of each oak seedling was tested using a simple 
linear regression.  The relationship between soil moisture and fine root mass of each 
seedling was also tested using a simple linear regression, using the average soil 





Fine root mass of northern red oak trees was significantly different between the 
various ground cover treatments (p=0.0215) (Figure 14). Trees in the alfalfa and bare 
treatments had the greatest dry weight of fine roots. The two treatments were not 
statistically different from each other but were different from the annual rye treatments. 
Trees in the switchgrass treatment were not significantly different from any of the other 
treatments. Annual rye treated trees had the lowest mass of fine roots. Figures 15-17 




Figure 14:Fine root mass of tree seedlings within each groundcover. Means ± standard 
errors are shown for treatment main effects. Different letters represent statistically 
different means. In the order of treatment main effects as listed on the figure 0.5714, 




Figure 15: Root growth of red oak seedlings planted in pots with an alfalfa ground 







Figure 16: Red oak seedlings from the bare ground pots appeared to have the 















Figure 18:Red oak seedlings from the switchgrass pots had variable amounts of 




Soil moisture was statistically different in the various ground cover 
treatments during both of the dry-down periods (p<0.0001 for both periods). 
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During the first dry-down period each of the treatments were different from each 
other (Figure 19). Annual rye had the lowest soil moisture percentage and bare 
had the highest. During the second dry-down period the treatments were in the 
same order from lowest to highest but switchgrass and alfalfa were not 
significantly different from each other (Figure 20).  
 
Figure 19: Soil moisture percentage, averaged over days, between groundcover 
types during the May dry-down period. Means ± standard errors are shown for 
treatment main effects. Different letters represent statistically different means. In 











Figure 20: Soil moisture percentage, averaged over days, between groundcovers 
during the July dry-down period. Means ± standard errors are shown for 
treatment main effects. Different letters represent statistically different means. In 
the order of treatment main effects as listed on the figure 3.2, 5.2, 5.6, and 13.5, 
respectively. 
Objective 3 
Foliar transpiration was significantly related to fine root mass (p<0.0001). 
Figure 23 shows the significant relationship between transpiration and fine root 
mass. Fine root mass explains 22.86% of the variations in transpiration (Figure 
23). Soil moisture also was sigifcantly related to fine root mass. Fine root mass 
explains 15.06% of the variation in soil moisture (Figure 24) . Figures 21 and 22 
show that foliar transpiration was also significantly different in some of the ground 
cover treatments during the two dry down periods. In the first dry down bare and 
switchgrass were different from alfalfa and annual rye (Figure 21). In the second 
dry down alfalfa was similar to both annual rye and switchgrass (Figure 22). Both 
dry down periods showed rye treated trees had the lowest foliar transpiration 





Figure 21: Mean Foliar transpiration rates of seedlings between groundcover 
types during the May dry down period. Means ± standard errors are shown for 
treatment main effects. Different letters represent statistically different means. In 
the order of treatment main effects as listed on the figure 2.78, 2.77, 4.56, and 
5.11, respectively. 
 
Figure 22: Mean Foliar transpiration rates of seedlings between groundcover 
types during the July dry down period. Means ± standard errors are shown for 
treatment main effects. Different letters represent statistically different means. In 






Figure 23:Relationship between average transpiration rate and dry fine root 
mass. Each point represents one seedling, and different color markers represent 
the four ground cover treatments used.  
 
 
Figure 24: Relationship between average soil moisture and fine root mass. Each 
point represents one seedling, and different color markers represent the four 
ground cover treatments used.  
 
y = 0.5064x + 6.836
R² = 0.2286 
y = 0.642x + 5.8069




 When planted the bare-root seedlings had very few fine roots, therefore 
the mass of fine roots is thought to approximate root biomass production over the 
course of the experiment. Fine root mass of northern red oak was highest in the 
alfalfa and the bare ground treatments which shows that alfalfa may not be 
competing heavily with the tree for below-ground resources. Annual rye treated 
trees had the lowest fine root mass, and showed little to no development of fine 
roots over the growth period.  A lack of fine roots inhibits the tree’s ability to 
absorb nutrients (Chang et al 2002). The lack of root growth may have been due 
to soil resources being limited. Annual rye has been noted to establish quickly 
and grow rapidly, with heavy use of nitrogen and water (USDA 1973). Kolb et al. 
(1990) found a reduction in root growth in northern red oak seedlings exposed to 
lower soil moisture and nutrient availability.  This is supported by the soil 
moisture results. 
 Soil moisture decreased steadily during both dry-down periods. Similar 
methods have been used previously to impose moisture stress in potted plants 
(Hosty and Mulqueen 1996; Niklaus et al. 1998; Kumusch 1998). In both dry-
down periods annual rye had the lowest average soil moisture and bare ground 
had the highest. Annual rye establishes quicker and consumes more water 
(USDA 1973). The first dry down period showed that each of the ground cover 
treatments were statistically different from one another. However, during the 
second dry down period switchgrass and alfalfa were similar to each other. This 
may be explained by switchgrass’ delayed establishment (Lee and Boe 2005), as 
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it uses more water later in the season. In a previous study switchgrass appeared 
to not compete with trees under conditions of extreme drought (Franklin and 
Buckley 2009). 
 Fine root mass, soil moisture, and transpiration are all inter-related. Water 
is pulled up from the pots by evaporation or by the plants. It is then released 
through the leaves during transpiration. Transpiration is a function of a plant that 
impacts growth since it relates to the creation of energy in a plant. Schenk and 
Jackson (2002) found that root system size decreased with increasing potential 
evapotranspiration. This study showed a clear relationship between these 
factors. Annual rye treated trees had lower fine root mass, lower soil moisture, 
and lower transpiration indicating that annual rye is highly competitive with 
northern red oaks for water resources. Switchgrass and alfalfa showed few 
differences. Trees grown with alfalfa had a greater mass of fine roots, but had 
lower transpiration and soil moisture compared to switchgrass. Alfalfa had a 




 Based on the results of this study alfalfa appears to be the most 
compatible ground cover species with northern red oak. Alfalfa can provide a 
good ground cover that will protect the soil and not compete with the tree too 
heavily for resources. Switchgrass could also be a good ground cover species. It 
has a delayed establishment which gives the tree time to establish. Annual rye 
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Chapter 4: Overall Conclusion
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Surface mine reclamation is a difficult task due to the initial lack of 
vegetation and optimal soil. However forests can be successfully grown on the 
steep slopes of reclaimed mine sites, which in turn can alleviate soil erosion 
problems. To be successful with reclamation it is important to understand the 
complex relationships between soil characteristics and the growth and 
development of trees and ground cover species. Both the field and greenhouse 
experiments, described in the preceding chapters, focus on soil moisture and its 
relationship with root growth to address the objectives of the study. 
Distinguishing this relationship can aid reclamation efforts by identifying practices 
that will lead to better success of plant establishment. 
Both the field study and the greenhouse study examined the effects of 
different ground cover species on soil moisture and root growth. Rye was seeded 
at a low rate across all the field sites later in the season to provide a quick cover 
to help with some erosion problems. However it did not establish very well and 
made no visible impact on erosion control. In the greenhouse, rye had the 
densest root system and during the dry-down period pots containing rye had the 
lowest soil moisture. Also, trees in the annual rye treatments had smallest 
amount of fine roots. This demonstrates that at high densities annual rye is too 
aggressive of a ground cover to be grown with northern red oak.  
 Alfalfa had the highest ground cover percentages in the field experiment 
and appeared to have the greatest success on the three sites. Root growth and 
ground cover percentage were not significantly related, nor was soil moisture and 
ground cover percentage. However ground cover type and root growth were 
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significantly related. Even though Mountainside had the highest groundcover 
percentage of alfalfa, it did not have the greatest root length. This suggests that 
perhaps the root sampling tubes are not accurately measuring the amount of 
roots present. This could be due to roots being unable to grow near the tube 
because of being unable to penetrate the soil around it. In the green house, pots 
containing alfalfa had the second lowest soil moisture percentage but oak 
seedlings had a fine root mass that was statistically not different from the bare 
ground treatment. Since these are somewhat mixed results, it may be premature 
to recommend alfalfa as a good ground cover. Further study would be needed to 
before using alfalfa widely in reclamation efforts.  
 Switchgrass was also used in both the field experiment and the green 
house experiment. As mentioned earlier, soil moisture was not related to any of 
the ground covers but it was related to root growth. Root lengths in plots planted 
with switchgrass varied greatly from site to site. Premium had the greatest root 
length, but it also had a lot of blown-in species of herbaceous plants (Appendix). 
In the root scans, it is impossible to differentiate the roots of the plants from one 
another. This may mean that some of the roots could be from the blown-in plants 
giving the appearance that there are more switchgrass roots. In the greenhouse, 
switchgrass had the highest soil moisture besides the bare treatment, and 
planted oak seedlings had a reduced root mass. Also it had highest tree 
transpiration rates out of the pots with a ground cover species. This all shows 
that the tree did the best with switchgrass as a ground cover species. Even 
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though it did not appear to perform well on the field sites, it also did not compete 
with tree growth so it is recommended for use on mine sites for reclamation.  
 The field and the greenhouse yielded different results, which indicate how 
the control of certain environmental factors may have an impact on the 
relationship between soil moisture and root growth. One factor is the soil 
composition difference. In the green house the soil is a mixture of sand and 
vermiculite, while the field is composed of clay, sandstone, and shale. Field soil 
also has a larger variety of particle size. Another environmental factor that could 
affect the outcome of these studies is the differences in available nutrients. In the 
greenhouse nutrients were applied weekly and uniformly. In the field nutrients 
can be sparse and not uniform. This can affect how and where plants grow. The 
field study is on a steep slope while the pots are on a flat surface. This may 
mean that roots are being affected by either soil resources or by not being able to 
penetrate through the soil. Further study of relationships between soil 
composition and soil moisture and nutrients is needed. Soil moisture may be 
related to root growth and ground cover type in the field, however it may just be 
disguised by the variability in the soil. Appendix A-3 shows that within the site 
there is variability in mean soil moisture, however within one groundcover 
treatment even more variability is seen (Appendix A-4).  
 Depth was also important in the field study. In the greenhouse study depth 
was controlled because of using a constant pot size. In the field both soil 
moisture and root growth were significantly related to depth. This could mean 
that depth may be playing a role in hiding any relationships between soil moisture 
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and root growth. Soil moisture and root growth were measured up to 76.2 cm. 
Soil moisture was near saturation at these depths, which brings up concerns of 
why it is so high. There may be a perched water table sitting underneath the 1.2 
m (4 feet) of soil constructed using reclamation practices. This in turn may affect 
the growth and establishments of plants by providing a plentiful source of water. 
Depth should also be studied further since it could indicate that reclamation 
efforts may have to extend deeper into the soil matrix.  
Date played a major role in the soil moisture and temperature. In the field 
study, soil temperature was related to ground cover percentage but most of this 
was explained by date. Warmer air temperatures yielded both greater soil 
temperatures, and were related to ground cover percentages since they were 
more developed later in the season. In the greenhouse, the second dry-down 
period yielded slightly different results than the first one since it was later in the 
season. In the second dry-down period it took longer for alfalfa and switchgrass 
to become statistically different from one another. Even though it has been 
suggested in the above paragraphs that soil composition and ground cover type 
is key to success on these sites, date should not be ignored. Some rooting 
systems simply take longer to develop than others, which may not be shown in 
this two-year study. A longer study may show that over time the results that were 
yielded now will be very different from those that may be measured years later. 
Reclamation is a long process, so continuing monitoring soil moisture and 








Appendix A-1. Groundcover type is significantly related to average root length but 





Appendix A-2. Average soil moisture percentage is not related to the 
groundcover types. The graph shows that there is little variability amongst the 





Appendix A-3. Soil moisture at mountainside is not related to ground cover type. 
At the different slope positions there is some variability showing that there may 




Appendix A-4. When looking at just one ground cover type at different soil depths 
there are even greater differences in soil moisture further supporting the idea that 
soil composition may greatly affect soil moisture.  
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Appendix 5: July 2010 freshly harvested leaf weight, leaf dry weight, number of leaves, total leaf area, and leaf area 
average of northern red oak seedlings within each groundcover treatment. Means, standard errors, letter groups, and p-
values are shown for treatment main effects for each variable. The red colored p-values indicate significant differences. 
 Groundcover Average Standard Error Letter Group P-Value 
Freshly Harvested 
Leaf Weight (g) 
Bare 8.9 1.8278 bc 
p=0.0220 
Switchgrass 4.2 1.8278 ab 
Alfalfa 10.5 2.0725 c 
Rye 2.2 2.0725 ab 
Leaf Dry Weight (g) 
Bare 4.0 0.7161 ab 
p=0.0036 
Switchgrass 2.4 0.7161 a 
Alfalfa 6.2 0.8120 b 
Rye 2.0 0.8120 a 
Number of Leaves 
Bare 18 8.2683 a 
p=0.0018 
Switchgrass 16 8.2683 a 
Alfalfa 64 9.3753 b 
Rye 30 9.3753 a 
Total Leaf Area 
(cm2) 
Bare 718.79 166.7300 ab 
p=0.0092 
Switchgrass 443.96 166.7300 a 
Alfalfa 1173.23 189.0600 b 
Rye 242.99 189.0600 a 
Avg. Leaf Area 
(cm2) 
Bare 36.81 3.7295 c 
p=0.0003 
Switchgrass 26.62 3.7295 bc 
Alfalfa 18.85 4.2289 ab 
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